A Gram-stain-negative, non-motile, non-spore-forming, rod-shaped, aerobic bacterial strain, designated 16F3P
The genus Hymenobacter was first proposed by Hirsch et al. [1] and its description was later emended by Buczolits et al. [2] . Members of the genus Hymenobacter are aerobic, nonmotile, Gram-stain-negative, red-to-pinkish rods, characterized chemotaxonomically by MK-7 as the predominant respiratory quinone, a fatty acid profile with major amounts of iso-C 15 : 0 , anteiso-C 15 : 0 , summed feature 3 (C 16 : 1 !7c/C 16 : 1 !6c) and summed feature 4 (iso-C 17 : 1 I/anteiso-C 17 : 1 B), and a polar lipid profile including phosphatidylethanolamine as the major component in addition to several unknown aminolipids, aminophospholipids, glycolipids, phospholipids and other unidentified members. At the time of writing, the genus Hymenobacter comprises 38 species, with Hymenobacter roseosalivarius being the type species. However, several other strains have recently been proposed to represent novel species of the genus Hymenobacter, and these species names are awaiting valid publication [3] [4] [5] [6] [7] [8] . Type strains of species of the genus Hymenobacter have been recovered from a wide range of habitats, including the extreme environments of a desert and the Qinghai-Tibet plateau, from which the radiationresistant strains Hymenobacter xinjiangensis and Hymenobacter kanuolensis were isolated [9, 10] . In addition, another ionizing-radiation-resistant bacterium, Hymenobacter actinosclerus, recovered from irradiated pork, is counted among the species of this genus [11] . In the present paper, we describe a radiation-resistant strain, designated 16F3P T , isolated from a water sample irradiated with gamma rays. To determine the precise taxonomic position of strain 16F3P T , 16S rRNA gene sequence phylogenetic analysis, DNA-DNA hybridization, and an assessment of the phenotypic, genotypic and chemotaxonomic characteristics of the isolate were performed. Based on the results obtained in this study, we propose that strain 16F3P
T should be placed in the genus Hymenobacter as the type strain of a novel species.
Strain 16F3P
T was isolated from water collected from the Han River, South Korea (37 31¢ 40 † N 126 56¢ 06 † E). The water sample was passed through a membrane filter (pore size, 0.2 µm; Millipore), which was then vortexed in 10 ml distilled water. This aqueous sample was subsequently exposed to 3 kGy gamma radiation using a cobalt-60 irradiator (MDS Nordion). One milliliter of the irradiated sample was serially diluted, and 100 µl of each dilution was spread onto R2A agar and incubated at 25 C for 1 week. Single colonies on the plates were purified by transferring them onto fresh plates and incubating them again under the same conditions. After isolation, strain 16F3P
T was maintained by being transferred onto R2A agar once per month. A stock culture was preserved as a For phylogenic analysis, the 16S rRNA gene was amplified from chromosomal DNA using the universal bacterial primers 9F and 1512R as described by Weisburg et al. [12] , and purified PCR products were sequenced by Genotech (Deajeon, South Korea) using the primers 518F, 785F, 800R and 907R. The nearly complete sequence of the 16S rRNA gene sequence was assembled using SeqMan software (DNASTAR). Phylogenetic neighbours were identified and pairwise 16S rRNA gene sequence similarity values calculated using both the EzTaxone server [13] and BLAST searches. The 16S rRNA gene sequences of 41 related taxa were obtained from GenBank and aligned with that of strain 16F3P
T using the program CLUSTAL X [14] . Gaps and 5¢ and 3¢ ends of the alignment were edited manually in BioEdit [15] . Tree topologies were inferred by neighbour-joining [16] , maximum-likelihood (ML) [17] and maximum-parsimony (MP) [18] methods in the program MEGA7 [19] . The neighbour-joining tree was reconstructed using Kimura's two-parameter model with pairwise deletion [20] . The ML tree was inferred using the nearest neighbour interchange as the maximum-likelihood heuristic search method. The MP tree was inferred using subtree-pruning and regrafting as the heuristic algorithm. For ML and MP the option of complete deletion of gaps was used. A bootstrap analysis with 1000 replicate data sets was performed to assess support for clusters [21] .
A nearly complete 16S rRNA gene sequence of strain 16F3P T (1466 bp) was obtained. Comparative 16S rRNA gene sequence analyses showed that the strain is affiliated phylogenetically with members of the genus Hymenobacter. The phylogenetic tree based on the neighbour-joining algorithm placed strain 16F3P T within the genus Hymenobacter, grouped with Hymenobacter chitinivorans Txc1 T (Fig. 1 ). Together with Hymenobacter elongatus VUG-A112 T , these strains formed a monophyletic clade with a high bootstrap value (100 %) that was supported by three tree-making methods employed in this study (Fig. S1, T and other recognized species of the genus Hymenobacter ranged from 89 to 96 %. The generally accepted criteria for delineating bacterial species state that strains having a level of DNA-DNA relatedness below 70 % (as measured by hybridization) or showing 16S rRNA gene sequence dissimilarity above 3 % are considered to belong to separate species [22, 23] . Taking into account this definition, the above data indicate that strain 16F3P
T can be considered to represent a novel species of the genus Hymenobacter. To verify the taxonomic position of strain 16F3P T , DNA-DNA hybridization was performed with the most closely related members of the genus Hymenobacter.
The Gram reaction was determined using staining [24] and nonstaining [25] methods. The morphology and motility of cells of strain 16F3P
T were observed under an Olympus light microscope (Â1000 magnification) and a Hitachi HT7700 transmission electron microscope, using cells grown for 3 days at 25 C on R2A agar. Catalase activity was determined by assessing bubble production in 3 % (v/v) H 2 O 2 , and oxidase activity was tested using 1 % (w/v) tetramethyl-p-phenylenediamine [26] . The effect of pH on growth was evaluated in R2A broth using three different buffers: sodium acetate buffer (pH 4.0-6.0), potassium phosphate buffer (pH 7.0-8.0) and Tris buffer (pH 9.0-10.0). Growth at 4, 10, 15, 20, 25, 30, 37 and 42 C was assessed after incubation for 7 days on R2A agar. Growth at various salt concentrations was tested in R2A broth supplemented with 0.5, 1, 2, 3, 4, 5 or 10 % (w/v) NaCl after 7 days of incubation. Enzyme activities, assimilation of carbon sources, acid production from substrates and other physiological characteristics were determined by inoculating API ZYM, API 20 NE, API ID 32 GN and API 50CH strips according to the manufacturer's instructions (bioM erieux).
Cells of strain 16F3P
T were Gram-stain-negative, aerobic, non-motile rods without flagella (Fig. S2 ). Colonies on R2A plates after 3 days at 25 C were flat to convex, translucent, circular, reddish-pink and 1-2 mm in diameter. Cells were mesophilic, growing at 15-30 C, but not at 10 or 37 C, with optimum growth at approximately 25 C. This strain grew at pH 4-8, optimally so at pH 7. Growth occurred on R2A (Difco) and nutrient agar (NA; Difco), but not on trypticase soy agar (TSA; Difco) or Luria-Bertani (LB; Difco) agar. The isolate grew in the presence of 2 %, but not 3 % NaCl. In common with other recognized species of the genus Hymenobacter [2, 9, 11], strain 16F3P
T was negative for the Gram reaction, nitrate reduction to N 2 , indole production from tryptophan, and arginine dihydrolase, a-fucosidase, a-mannosidase and urease activity, but positive for leucine arylamidase. Phenotypic and chemotaxonomic characteristics differentiating strain 16F3P
T from its closest relatives within the genus Hymenobacter are listed in Table 1 . In particular, strain 16F3P
T could be readily distinguished from H. chitinivorans and H. elongatus by its inability to grow at 10 C or pH 10 or to produce a-glucosidase, and its ability to grow on NA agar and produce cystine arylamidase.
The genomic DNA of strain 16F3P
T and its two closest relatives, H. elongatus JCM 17223
T and H. chitinivorans KACC 12068
T , was extracted according to the standard cetyltrimethylammonium bromide (CTAB)/NaCl protocol [27] . The G+C content of the genomic DNA of strain 16F3P T was then determined by reverse-phase HPLC analysis of individual nucleosides, following DNA hydrolysis and dephosphorylation using nuclease P1 and alkaline phosphatase [28] . Single-stranded DNA from salmon testes (Sigma; DNA G+C content, 41.2 mol%) was used as a standard. Isoprenoid quinones were extracted with chloroform/methanol (2 : 1, v/v), and the extract was evaporated under vacuum before being treated with n-hexane/water Hymenobacter norwichensis NS/50 T (AJ549285)
Hymenobacter tibetensis XTM003 T (EU382214)
Hymenobacter fastidiosus VUG-A124 T (EU155015)
Hymenobacter daecheongensis Dae14 T (EU370958)
Hymenobacter algoricola VUG-A23a T (EU155009)
Hymenobacter elongatus VUG-A112 T (GQ454797)
Hymenobacter aquaticus 16F3P T (KU758879)
Hymenobacter chitinivorans Txc1 T (Y18837)
Hymenobacter qilianensis DK6-37 T (KF723715)
Hymenobacter roseosalivarius AA-718 T (Y18833)
Hymenobacter roseus JC245 T (HG965772)
Hymenobacter deserti ZLB-3 T (EU325941)
Hymenobacter koreensis GYR3077 T (JN607157)
Hymenobacter ocellatus Myx 2105 T (Y18835)
Hymenobacter coalescens WW84 T (KF631222)
Hymenobacter flocculans A2-50A T (HM032897)
Hymenobacter marinus KJ035 T (JX272928)
Hymenobacter metalli A2-91 T (HM032898)
Hymenobacter ginsengisoli DCY57 T (JN090860)
Hymenobacter arcticus R2-4 T (KC213491)
Hymenobacter nivis P3 T (LC153096)
Hymenobacter arizonensis OR362-8 T (JX294485)
Hymenobacter terrenus MIMtkLc17 T (KT359597)
Hymenobacter ruber PB156 T (KF056994)
Hymenobacter antarcticus VUG-A42aa T (EU155012)
Hymenobacter soli PB17 T (AB251884)
Hymenobacter saemangeumensis GSR0100 T (JN607158) (1 : 1, v/v). The extract was then purified using Sep-Pak Silica Vac cartridges (Waters) and analysed by HPLC as described previously [29] . Cellular fatty acids were analysed using cells grown on R2A agar for 7 days at 18 C. Cellular fatty acid saponification, extraction and methylation were performed according to the Sherlock Microbial Identification System (MIDI) protocol. Fatty acid methyl esters were then analysed by gas chromatography using the Microbial Identification software package (TSBA, version 6.0) [30] . Polar lipids were extracted using the procedure described by Minnikin et al. [31] and identified by twodimensional TLC, followed by spraying with the appropriate detection reagents [32] .
The DNA G+C content of strain 16F3P
T was found to be 61.9 mol%, which lies within the range observed for recognized members of the genus Hymenobacter [2, 9, 11]. The fatty acid profile of strain 16F3P
T was characterized by the presence of C 16 : 0 (19.8 %), summed feature 3 (C 16 : 1 !7c/C 16 : 1 !6c; 15.4 %) and iso-C 15 : 0 (13.0 %) as major fatty acids. This profile is similar to those of the phylogenetically closest strains H. chitinivorans KACC 12068
T and H. elongatus VUG-A112 T (Table 2 ) and other members of the genus Hymenobacter [1, 3, 33] . However, certain qualitative and quantitative differences in fatty acid content were observed between strain 16F3P
T and its closest relatives. Specifically, strain 16F3P
T could be differentiated from the abovementioned species by its significantly higher content of anteiso- (Fig. S3) . The predominant isoprenoid quinone in strain 16F3P
T was a menaquinone with seven isoprene units (MK-7), which is also the major respiratory quinone found in other members of the genus Hymenobacter [2, 3, 6, 8] .
To measure ionizing radiation resistance of strain 16F3P
T , cultures grown to the early stationary phase (~10 9 cells ml À1 ) were exposed to 2, 4, 6 or 8 kGy doses of gamma radiation during 1 hour by using the 60 Co gamma irradiator (AECL, IR-79; MDS Nordion) as described previously [34] . Cells of Deinococcus radiodurans DSM 20539 T and Escherichia coli KCTC 1116 were used as positive and negative controls, respectively. E. coli KCTC 1116 did not grow at a gamma radiation dose of 2.0 kGy. Strain 16F3P T appeared to be somewhat resistant to ionizing radiation, but significantly less so than D. radiodurans DSM 20539 T (Fig. S4) . Exposure of these two cultures to 2 and 4 kGy gamma radiation resulted in survival rates of 18.01 and 1.65 %, respectively, for strain 16F3P
T , compared with 95 and 90 % for D. radiodurans DSM 20539
T . Strain 16F3P T tolerated high doses of gamma radiation with a D 10 (the dose required to reduce the bacterial population by 10-fold) of 2.3 kGy, two times lower than that reported for H. xinjiangensis [9] , demonstrating a greater sensitivity to such stress.
DNA-DNA hybridization was performed fluorometrically using the method of Ezaki et al. [35] , with photobiotinlabelled DNA probes and microdilution wells. The highest and lowest values from five replications for each sample were excluded, and the means of the remaining three values were recorded as the DNA-DNA hybridization values. Strain T . Data were obtained in the present study, unless otherwise indicated. All strains grew on R2A agar but not on TSA or LB agar. All strains were positive for alkaline phosphatase, esterase lipase (C8), leucine arylamidase and oxidase activity. All strains were negative for reduction of nitrate to N 2 , indole production, and arginine dihydrolase, a-chymotrypsin, a-fucosidase, a-galactosidase, b-galactosidase, bglucosidase, b-glucuronidase, lipase (C14), a-mannosidase, trypsin and urease activity, and assimilation of N-acetyl-D-glucosamine, adipate, L-arabinose, caprate, citrate, gluconate, L-malate, D-mannitol, D-mannose and phenylacetate. W, Weakly positive. [2] . †Data from Klassen and Foght [33] . ‡Buczolits et al. [2] reported the opposite result. (17.8 %) , indicating that it is not related to them at the species level [22, 23] .
The phenotypic and phylogenetic characteristics of strain 16F3P
T revealed it to be a member of the genus Hymenobacter. However, there were several phenotypic differences between strain 16F3P T and its phylogenetically closest relatives (Table 1) . Thus, phenotypic as well as DNA-DNA hybridization data demonstrated that strain 16F3P
T can be distinguished from its closest relatives H. chitinivorans Txc1 T [33] . Data for taxa 1 and 2 are from the present study. All data were obtained using the same methods, including culture conditions used for growth of all strains prior to fatty acid analysis (R2A, 18 C, 7 days). Values are percentages, and only fatty acids accounting for more than 1 % of the total in at least one of the strains are indicated. ND, Not detected; TR trace (<1.0 %). *Summed features contained two fatty acids, which could not be separated by GLC with the MIDI system. †Unknown fatty acids have no name listed in the peak library file of the MIDI system and therefore cannot be identified; ECL, equivalent chain-length.
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